Cathode current efficiency for the electrodeposition of cobalt from an acidic aqueous solution, which took place in anodized aluminum oxide (AAO) nanochannels with an average diameter of ca. 25 nm, was determined by Faraday's first law of electrolysis. The electrodeposited metallic cobalt crystals were grown as an array of nanowires embedded in the nanochannels. The amount of charge consumed for the electrochemical reduction in the nanochannels was estimated considering the time dependence of the cathode current during the electrodeposition of the cobalt nanowires. Meanwhile, the volume of electrodeposition on the cobalt nanowires was determined from the saturated magnetic moment of the nanowires, which was obtained from the magnetization curves. The cathode current efficiency for the electrodeposition of the cobalt nanowire arrays remained at a high level (over 75%) in the cathode potential ranging from −0.70 V to −0.85 V vs. Ag/AgCl. At the cathode potential of −0.80 V, the cathode current efficiency reached 97%. The texture coefficient TC (0 0 2) of the cobalt nanowire arrays increased as the cathodic overpotential for the electrodeposition of cobalt decreased. Due to the extremely large aspect ratio (more than 1000), the cobalt nanowire arrays were spontaneously magnetized in the direction parallel to the long axis of the nanowires. With increasing TC (0 0 2) , the coercivity and squareness of the cobalt nanowire arrays also increased up to ca. 1.6 kOe and 0.8, respectively, at room temperature.
Introduction
Metallic cobalt crystals with hexagonal close-packed crystal structure (hcp-Co) have an easy magnetization direction in the c-axis, which is normal to the (0 0 2) plane. Therefore, hcp-Co thin films, in which the c-axis is oriented in normal to the film plane, can be applied to a perpendicular magnetic recording medium for improving the data storage capacity in hard disk drives [1] . Such thin magnetic films can be synthesized with an extremely small growth rate (less than 1 nm s −1 ) under ultra-high vacuum through several processes, such as sputter deposition and molecular beam epitaxy. Furthermore, some researchers have developed a method for synthesizing a cobalt (alloy) thin film with a large growth rate through electrochemical deposition [2, 3] . However, only a few reports on the development of a thin magnetic film with perfect perpendicular magnetization performance are available because controlling the crystal orientation and crystal grain shape is difficult.
Recently, large shape anisotropy has been discovered to occur when ferromagnetic metals, such as cobalt, iron, and nickel (or their alloys), are made into a nanowire shape [4] [5] [6] . Such ferromagnetic metal nanowires have attracted much attention as novel magnetic materials. In the case of a cylindrical ferromagnetic metal, which has a high aspect ratio (length/diameter), the demagnetizing factor along the direction of the long axis is very small [7, 8] . Hence, the demagnetizing field intensity decreases when an external magnetic field is applied in the direction of the long axis of the cobalt nanowires. In addition, the magnetic properties of nanowires can be improved by adjusting the crystal orientation. Montazer et al. reported that the crystallinity of electrodeposited Co crystals was improved by using pulse electrodeposition [9] . They synthesized nanowires with c-axis orientation in the long-axis direction, whose performance had coercivity greater than 4 kOe [10] . One of the simplest processes for synthesizing a ferromagnetic nanowire array is through template synthesis using electrodeposition of the ferromagnetic metal into cylindrical nanochannels. In previous research works, commercially available polymer membranes [11, 12] served as a nanochannel template. However, in many cases, the pore size distribution of a polymer membrane was non-uniform, and the aspect ratio (pore length/pore diameter) was not so large (less than 100). Thus, the realization of a single-domain structure using a commercially available polymer membrane will be very difficult. The structure of an anodized aluminum oxide (AAO) template [13, 14] depends on fabrication parameters, such as cell voltage, solution temperature, solution concentration, and reaction time. In other words, a template synthesis technique utilizing an AAO template enables the reduction of the diameter of the cobalt nanowires to realize a single-domain structure.
Some researchers have reported the fabrication of cobalt nanowire arrays using several techniques involving electrodeposition into AAO nanochannels [15] [16] [17] [18] [19] [20] [21] . Most of the reports have focused on the structure and magnetic properties of cobalt nanowire arrays. In a cathodic electrodeposition process from an aqueous solution, the hydrogen ion (H + ) reduction process should be considered in addition to the metal ion reduction process. Therefore, the cathode current efficiency for the electrodeposition of cobalt, which can be determined by Faraday's first law of electrolysis, will affect the morphology and magnetic performance. In particular, the crystal growth process of metals electrodeposited from an aqueous solution is significantly dominated by the cathode current efficiency. Some studies reported the cathode current efficiency for the electrodeposition of two-dimensional thin films or three-dimensional bulk metals [22] [23] [24] . Many researches have focused on the magnetic and structural properties of nanowires. However, only a few reports on the current efficiency during electrodeposition into pores are available [25, 26] . Arefpour et al. reported that a current efficiency of 91% was achieved in Ni nanowires with a length of 16 µm [25] .
Some researchers have also reported the current efficiency for metal electrodeposition in the pores of AAO templates [25, 26] . However, the original point of our research is that the amount of charge consumed for the electrochemical reduction was estimated from the time-dependence of the current monitored during potentiostatic electrodeposition. Moreover, the volume of cobalt filling the AAO nanochannels was estimated based on the saturated magnetic moment of the Co nanowire arrays to determine the amount of charge consumed in the reduction of the Co 2+ ions. Furthermore, the effect of the cathode potential on the cathode current efficiency, growth rate, crystal structure, and magnetic properties of the electrodeposited Co nanowires were investigated.
Methods
First, a cross section of an aluminum rod (purity: 99%) was mechanically and electrochemically polished to obtain a smooth surface. Then, this smooth surface was anodized in 0.3 M sulfuric acid (2°C to 4°C) by applying a constant cell voltage of 20 V. An aluminum oxide layer with nanochannel (cylindrical pore) structure was formed on the cross section of the aluminum rod. Subsequently, the barrier layer (the boundary between the metallic aluminum and the aluminum oxide layer) was dissolved through electrochemical etching. Ethanol (99.5 wt %) and perchloric acid (60 wt%) were mixed at a volume ratio of 1:1 to make an electrolytic solution for the electrochemical etching. A gold wire was used as the cathode, and a constant voltage of 35 V was applied to the electrolytic cell for 30 s. After that, the aluminum rod was lightly shaken in a super-pure water to separate the aluminum rod from the aluminum oxide layer. The obtained aluminum oxide film (AAO template) had a nanochannel structure. The pore diameter and average film thickness of the AAO templates were ca. 25 nm and ca. 42 μm, respectively.
Next, a thin gold layer was formed on one side of the AAO template via sputtering, and the AAO template was pasted to a copper chip using a conductive silver paste. The solvents of the silver paste included toluene and ethyl methyl ketone. Then, the copper chip pasted to the AAO template was fixed to a copper plate using polyimide tape to prepare the cathode for the electrodeposition of cobalt. In addition, a gold wire and an Ag/AgCl electrode were prepared as the anode and reference electrode, respectively. The aqueous solution containing 0.5 M cobalt chloride and 0.4 M boric acid (pH buffer) was synthesized as an electrolytic bath for electrodeposition. The temperature of the electrolytic bath was 20°C, and its pH value was 3.5. Subsequently, cobalt was electrodeposited potentiostatically into the nanochannels of the AAO templates at the cathode potentials of −0.85, −0.80, −0.75, and −0.70 V vs. Ag/AgCl using a Potentiostat/Galvanostat (HA-151, Hokuto Denko Corp., Tokyo, Japan). On the basis of the time dependence of the cathode current, which was measured during the electrodeposition, we calculated the amount of charge consumed in the total reduction reaction (cobalt deposition and hydrogen evolution) at the cathode (Q All ). After the electrodeposition of cobalt, the magnetic properties of the Co nanowire arrays were evaluated using a vibratingsample magnetometer (TM-VSM1014-CRO, Tamakawa Corp., Sendai, Japan). During the magnetization measurement, an external magnetic field was applied in directions parallel and vertical to the long axis of the Co nanowire. In addition, the volume of cobalt electrodeposited into the nanochannels was estimated from the saturated magnetic moment of the Co nanowire array. In this way, we calculated the amount of charge consumed in the cobalt deposition reaction at the cathode (Q Co ). That is, the cathode current efficiency of the cobalt deposition reaction (η Co(Nw) ) was obtained by dividing Q Co by Q All . The cathode current efficiency was calculated using Eq. (1).
Moreover, the crystal orientation of the Co nanowire arrays was evaluated using an X-ray diffractometer (XRD, Miniflex 600-DX, Regaku Corp., Tokyo, Japan). Subsequently, the aluminum oxide part of the Co nanowire arrays was dissolved with 5 M NaOH. Then, the template-free Co nanowire was observed, and its structure was analyzed using a transmission electron microscope (TEM, JEM-2010-HT, JEOL Ltd., Tokyo, Japan).
Results and discussion
Synthesis of cobalt nanowire arrays by potentiostatic electrodeposition Fig. 1 shows the cathodic polarization curves obtained from an aqueous solution (20°C, pH 3.5) containing Co 2+ ions. A copper sheet, a gold wire, and an Ag/AgCl electrode are used as the cathode, anode, and reference electrode, respectively. The cathode potential is scanned in the cathodic direction at a scan rate of 50 mV s −1 . As shown in the figure, the cathode current density greatly increases at a cathode potential ranging from −0.44 V to −1.0 V vs. Ag/AgCl. On the contrary, the current density gradually increases at the cathode potential region below −1.0 V vs. Ag/AgCl. When the rate-limiting process is charge transfer, the relationship between the current density and overvoltage is expressed by Butler-Volmer equation. In the high-overvoltage region, the Butler-Volmer equation is simplified as the Tafel equation. The Tafel equation is shown in Eq. (2):
Based on this equation, the rate-limiting process is the charge transfer in the potential region, which is nobler than −1.0 V vs. Ag/ AgCl. Furthermore, in the potential region below −1.0 V, the rate- limiting process is mass transfer. Thus, a cathode potential region nobler than −1.0 V vs. Ag/AgCl is appropriate for the electrodeposition of cobalt. As previously mentioned, in this research, the nanochannel AAO templates were used during the electrodeposition of the cobalt nanowire arrays. The metal ion diffusion coefficient in the nanochannels decreases with an increase in the nanochannel length [27] . Therefore, the cathode potentials −0.85, −0.80, −0.75, and −0.70 V vs. Ag/ AgCl are selected here for the electrodeposition of cobalt, as shown in Fig. 1 . Fig. 2(a) shows the time dependence of the cathode current during the electrodeposition of the Co nanowire arrays. For a while after the start of electrodeposition, the current value remains almost constant.
Then, the cathode current begins to dramatically increase from a specific time. The magnitude of the cathode current is in proportion to the area of the cathode. Hence, this dramatic increase in the cathode current is probably caused by the film-like deposition of cobalt on the outside of the nanochannel AAO template. Prior to the magnetic measurement, the film-like cobalt electrodeposited on the surface of nanochannel AAO template is removed by etching with 1 M nitric acid. Based on the time dependence of the cathode current, the amount of charge consumed in the electrochemical reduction at the cathode, which corresponds to the cobalt deposition and hydrogen evolution, during the one-dimensional (1D) growth of the Co nanowires is shown in Fig. 2(b) .
Subsequently, the growth rate of the Co nanowires is calculated by dividing the thickness of the AAO template by the duration of 1D growth of the Co nanowires. Fig. 3 (a) (or Fig. 3(b) ) shows the relationship between the growth rate of the Co nanowires and the cathode potential (or the cathode current density). The growth of the Co nanowires tends to increase with the cathodic overpotential or cathode current density. Fig. 3 (c) (or Fig. 3 (d) ) shows the relationship between the amount of charge for 1D growth of the Co nanowires and the cathode potential (or the cathode current density). The amount of charge consumed in the electrochemical reduction process at the cathode during the 1D growth of the Co nanowires tends to increase with the cathodic overpotential or the cathode current density. Fig. 4 shows the magnetization curves of the cobalt nanowire arrays that were electrodeposited at each cathode potential. According to the magnetization curves, the values of the magnetic moment of the Co nanowire arrays become saturated with the increase of the external magnetic field. The values of the saturated magnetic moment of the Co nanowire arrays increase with the cathodic overpotential (or the cathode current density) by shifting the cathode potential to the lessnoble direction ( Fig. 4(a) and (b) ). On the basis of the values of the saturated magnetic moment of the Co nanowire arrays, we evaluate the volume of the cobalt electrodeposited into the nanochannels of the AAO template. In addition, we evaluate the amount of charge consumed in the cobalt deposition process. Considering the X-ray diffraction patterns of the Co nanowires arrays (Fig. 7) , the peaks of hcp-Co are confirmed. Some bubbles are also observed on the surface of the AAO template during the electrodeposition. In this study, the selected cathode potentials are less than the equilibrium potential of hydrogen (−0.197 V vs. Ag/AgCl). Hence, the hydrogen evolution reaction occurs at the cathode during electrodeposition. For these reasons, the amount of charge input is mainly consumed for the reductions of Co 2+ and H + . The cathode current efficiency is calculated using Eq. (1). Fig. 5 (c) (or Fig. 5(d) ) shows the relationship between the cathode current efficiency of the cobalt deposition reaction and the cathode potential (or the cathode current density). Here, the cathode current efficiency of the cobalt deposition reaction remains at a high level over 75%. Moreover, the cathode current efficiency reaches 97% at the cathode potential of −0.80 V vs. Ag/AgCl. Hence, most of the consumed charge is used for the cobalt deposition reaction. Directly comparing the value of the current efficiency with other reports on electrodeposition of nanowires is difficult because only a few reports have focused on the current efficiency. However, some research works report on the cathode current efficiency for the electrodeposition of cobalt films. Patnaik et al. reported that the current efficiency of 99.6% was achieved by adding tetraethylammonium bromide to the electrolytic bath [23] . Kongstein et al. also reported that the current efficiency for Co electrodeposition using a high-temperature electrolytic bath depended on the concentration of cobalt. In their study, the achieved current efficiency exceeded 80% [24] . On the contrary, in our research, the cathode We focus on the cathode current efficiency during the potentiostatic electrodeposition into the nanopores of the AAO template. During electrodeposition, the nanowire growth process is monitored by measuring the time dependence of cathode current. A very simple method is proposed for estimating the cathode current efficiency for the reduction of the Co 2+ ions from the time dependence of the cathode current and the saturated magnetic moment of the Co nanowire array. Furthermore, an optimum cathode potential range is used for achieving the maximum cathode current efficiency.
Calculation of cathode current efficiency of the cobalt deposition process
Analysis of the structure of the cobalt nanowire Fig. 6 shows a TEM bright-field image and an electron diffraction pattern of the Co nanowire electrodeposited at the cathode potential of −0.80 V vs. Ag/AgCl. A long straight Co nanowire is observed from the bright-field image, and its diameter is estimated at ca. 25 nm. This value corresponds to the pore diameter of the nanochannels of the AAO template. According to the diffraction pattern, the normal direction of the (1 0 0) plane in hcp-Co is parallel to the long axis of the Co nanowire. However, diffraction spots derived from the (0 0 2) plane are not confirmed.
Next, the crystal orientation of the Co nanowire arrays was evaluated using XRD (Fig. 7) . In the XRD patterns, no peak indicating metallic aluminum is confirmed. Therefore, the metallic aluminum part is not included in the AAO template. The peaks at 2θ = 41.6°and 2θ = 44.5°represent the (1 0 0) and (0 0 2) planes of hcp-Co, respectively. Under the present experimental conditions, all samples have (1 0 0) crystal orientation. This finding is consistent with the results of the electron diffraction. In addition, when the cathodic overpotential decreases by shifting the cathode potential to the noble direction, we observe the (0 0 2) crystal orientation. Based on theoretical calculations and experiments, Pangarov et al. reported that the (0 0 2) plane of hcp-Co is the preferred orientation plane when the overpotential was decreased during the electrodeposition of cobalt [28] . Our experimental results are consistent with this trend. Indeed, the preferred orientation plane of the Co nanowires can be controlled by adjusting the cathodic overpotential. Subsequently, based on the X-ray diffraction patterns of the Co nanowire arrays, the texture coefficients TC 
Eq. (3) describes the analysis of the relative peak intensities dependent on I hkl , i.e., the intensities observed from the (hkl) lattice planes of the sample, and I 0 hkl denotes the intensities of a standard Co powder. N is the number of diffraction planes considered for the determination of TC (hkl) . Fig. 8(a) shows the relationship between the texture coefficients TC (hkl) and the cathode potential. TC (0 0 2) tends to increase with decreasing cathodic overpotential. Moreover, Fig. 8 (b) shows the relationship between the texture coefficients TC (hkl) and the volume of cobalt electrodeposited into the nanochannels of the AAO template. TC (0 0 2) increases as the volume of cobalt filling the nanochannels decreases.
Evaluation of the magnetic properties of the cobalt nanowire arrays Fig. 9 shows the magnetic hysteresis loops of the cobalt nanowire arrays that are electrodeposited at each cathode potential ranging from −0.85 V to −0.70 V vs. Ag/AgCl. The external magnetic field (−10 kOe~+10 kOe) is applied in directions parallel (continuous line) and vertical (dotted line) to the long axis of the Co nanowire. The shape of the magnetic hysteresis loop depends on the direction of the external applied magnetic field. The coercivity and squareness (the ratio between saturated magnetization and residual magnetization) increase when the external magnetic field is applied in the direction parallel to the long axis of the Co nanowire. When a ferromagnetic metal has a cylindrical shape, the effect of the demagnetizing field along the direction of the long axis will dramatically decrease. Hence, this magnetic anisotropy seems to be caused by the cylindrical shape of the nanowires, which have a high aspect ratio.
Here, the AAO templates used for electrodeposition at each cathode potential are synthesized by the same method. Hence, the shapes of the nanowires, which are obtained from different samples, are almost the same. However, the Co nanowire arrays electrodeposited at each cathode potential show different values of coercivity and squareness. Fig. 10 (a) and (d) show the effect of the cathode potential on the coercivity and squareness of the Co nanowire arrays in the magnetic field direction parallel to the long axis of the nanowires. The coercivity and squareness of the Co nanowire arrays increase with decreasing cathodic overpotential. In the case of the Co nanowire arrays, which are electrodeposited at the cathode potential of −0.70 V vs. Ag/AgCl, the coercivity and the squareness increase up to 1.6 kOe and ca. 0.8, respectively, at room temperature. In a similar way, Fig. 10 (b) and (e) show the effect of the volume of cobalt inside the nanochannels on the coercivity and squareness of the Co nanowire arrays. The coercivity and squareness of the Co nanowire arrays increase as the volume of Co filling the nanochannels decreases. Moreover, Fig. 10 (c) and (f) show the effect of the texture coefficients TC (0 0 2) on the coercivity and squareness of the Co nanowire arrays. The coercivity and squareness of the Co nanowire arrays increase with TC (0 0 2) . As shown in Fig. 5 , the saturated magnetic moment of the Co nanowire arrays decreases with decreasing cathodic overpotential. The magnetic dipolar interaction between the nanowires decreases with decreasing Co volume and the number of Co nanowires. In addition, as shown in Fig. 8 , the texture coefficient TC (0 0 2) increases with decreasing cathodic overpotential. The improvement of the hard magnetic properties is caused by a correspondence between the axial direction of the Co nanowire and the caxis of the hcp-Co crystal. For these reasons, a difference in the magnetic properties exists between the samples.
In this research, the Co nanowire arrays are synthesized using potentiostatic electrodeposition. The samples are not specially treated during or after electrodeposition. Moreover, the temperature and pH of the electrolytic bath are kept constant. However, the electrolysis conditions during electrodeposition have great influence on the crystal structure and magnetic properties of the synthesized Co nanowire arrays. For example, the magnetic properties of Co nanowire arrays are affected by the external magnetic field during electrodeposition and by the electrolyte acidity and annealing process after electrodeposition [5] . In addition, Ramazani et al. improved the coercivity of Co nanowire arrays by pulsed AC electrodeposition [9] . Hence, the optimization of the electrolysis conditions and post-treatment processing lead to further improvement of the magnetic properties of the Co nanowire arrays.
Conclusions
Co nanowire arrays were synthesized by electrochemical reduction of Co 2+ ions in the nanochannels of AAO templates. With reference to the time dependence of the cathode current during the electrodeposition of the Co nanowires, we calculated the amount of charge (Q All ) consumed in the total reduction reaction (mainly cobalt deposition and hydrogen evolution) at the cathode. The volume of cobalt filling the nanochannels was estimated from the values of the saturated magnetic moment to calculate the amount of charge consumed in the cobalt deposition process (Q Co ). The cathode current efficiency in the Co deposition process, which was obtained from the ratio of Q Co to Q All , showed values greater than 75%. At the cathode potential −0.80 V vs. Ag/AgCl, the cathode current efficiency reached 97%.
The preferential orientation of hcp-Co (0 0 2), which corresponded to the c-axis in the long axis of the nanowire, was observed when the cathodic overpotential was fixed to a nobler region during the electrodeposition. Hence, the coercivity and squareness of the Co nanowire arrays increased with an increase in TC (0 0 2) . In the case of the Co nanowire arrays which were electrodeposited at the cathode potential of −0.70 V vs. Ag/AgCl, the coercivity and the squareness were increased and achieved 1.6 kOe and ca. 0.8, respectively, at room temperature.
